An unconventional melt blowing die was analyzed using computational fluid dynamics (CFD). This die has an annular configuration wherein the jet inlet is tapered (the cross-sectional area decreases) as the air approaches the die face. It was found that the flow characteristics of this die are different from conventional slot and annular dies. In particular, for the tapered die the near-field normalized turbulent kinetic energy was found to be lower at shallow die angles. Also, it was found that the peak mean velocity behavior was intermediate between that of conventional annular and slot dies. The centerline turbulence profiles were found to be qualitatively similar to those of annular dies; quantitatively, higher values were present for tapered dies.
Introduction
Melt blowing is an industrial method for the rapid production of nonwoven fibers. In melt blowing a polymer is melted and extruded through a capillary while heated air is blown through one or more jet orifices. These jet orifices are situated around the polymer capillaries such that the air jets impact upon the polymer as it extrudes from the capillaries. The aerodynamic drag of the air jets on the polymer provides the attenuation force that draws the polymer streams into fine diameter fibers. These fibers are usually collected on a moving screen for either direct use or further processing. Many different designs exist for melt blowing dies; the most common arrangements are slot and annular dies (Shambaugh, 1988) . Zhao (2002) recently reviewed the designs and development of industrial melt blowing dies. Commercial annular dies have multiple holes, but the study of single-hole dies give results that can easily be extended to multiple-hole configurations. In the single-hole die shown in Figure 1 , an annular air outlet surrounds a polymer orifice. Observe that the air flows parallel with the polymer, and this is typical of the common commercial design attributed to Schwarz (1983) . An alternative to the common parallel-flow design is the tapered die shown in Figure 2 . Observe that, in the tapered die, the air jet impacts the polymer stream at an angle θ where 90 O > θ > 0 O . In a conventional slot die the air exits from two slots, and the air impacts the polymer streams at an angle θ that is also in the range 90 O > θ > 0 O . The result of this tapered design is a hybrid of the common annular and slot die designs. However, within the confines of the die cavities, the cross-sectional area available for air flow does not decrease for a slot die. But for the tapered, or conical, airflow path shown in Figure 2 , the cross-sectional area available for airflow decreases significantly as the air flows towards the die face.
An unconventional die with this annular taper is described in the United States patent issued to Brackmann and Diiani (1975) . However, to our knowledge there has been no performance data published for tapered dies of this type. According to Brackmann and Diiani, a tapered annular die design can avoid two common concerns that occur with conventional slot die designs. The first, fiber entanglement, can be controlled through the use of a single air jet for each polymer capillary (the Schwarz die also has this advantage). The second concern about the inflexible nature of the slot die, can be overcome with the modularity of the die design described in the patent. This modularity allows for individual dies to be replaced without replacing an entire assembly (which is different from the conventional Schwarz die). Also, such a modular design would allow different die geometries (e.g., with different polymer orifice diameters or die angles) to be incorporated into a single melt blowing assembly. This would result in a single fiber mat containing fibers with different properties ( s t rength, diameter, etc.). Other modular melt blowing designs have been developed. For example, Allen and Fetcko (1997) developed a modular die system for adhesive deposition purposes.
The aerodynamic characteristics of melt blowing dies are crucial in determining the final mat properties and production rates of melt blowing processes. Also, besides being of great practical importance for fiber producers, the study of die aerodynamics is of great theoretical interest due to the unique requirements of an efficient melt-blowing die. The flow around a melt-blowing die is a specific form of free turbulent jet flow, which has been widely studied and documented (Schlichting, 1979) . However, unlike typical turbulent jet flows, the tapered jet considered herein has a converging, annular air orifice. For our work, a single converging die was considered, and calculations were made for isothermal conditions. Previous work has shown that many of the characteristics of an isothermal die can be carried over to nonisothermal behavior (Harpham and Shambaugh, 1996; . Another assumption was that there was no polymer stream present. Because the mass flow of air is much greater than the mass flow of polymer, this appears to be a good approximation. In support of this approximation, previous modeling work has been based on air measurements taken in the absence of polymer flow (e.g., see Uyttendaele and Shambaugh, 1990) .
In our work the air flow was simulated with a commercial CFD package, Fluent ® , using a Reynolds Averaged NavierStokes turbulence model. The Reynolds Averaged NavierStokes (RANS) method is based on the decomposition of velocity into mean and fluctuating parts. This method has the advantages of being relatively simple computationally and widely applicable. In order to close the system of the RANS equations, an empirical model is necessary. Several models have been developed and applied to the closure problem. Much theoretical and experimental work has been done showing the advantages and disadvantages of each model for various flow problems (Pope, 2000; Wilcox, 1993) . For our work the Reynolds Stress Model (RSM) was used (see Launder et al., 1975 ). This RSM model was chosen because Krutka et al. (2002;  hereafter, this work is referred to as KSP) showed that, for slot dies, the RSM model provided better agreement with experimental data than the popular k-ε model and its variants. Moore et al. (2004) showed similar results for conventional annular melt blowing dies (hereafter this work will be referred to as MSP KSP was applied to the tapered die geometry. In our work the aerodynamics in the vicinity of a converging melt blowing die were studied and compared to results for conventional slot and annular dies. The two variables that were explored were the die angle and the inlet velocity. As defined earlier in Figure 2 , the die angle θ is the angle the inlet taper makes with the die plane. We tested θ values of 40°, 45°, 50°, 60°, and 70°. The mean inlet velocity V o (see Figure 3 ) was set at 17.3 m/s and 34.6 m/s.
Numerical Procedure
The die was modeled as a two-dimensional axisymmetric case centered at the end of the polymer capillary; see Figure 3 . The die had a flat (blunt) surface where the polymer orifices would be placed. (See KSP for a discussion of blunt versus sharp slot die designs.) For the modeling, an inlet region was used to achieve more fully developed flow before the air jet enters the quiescent air. The parameters f and b were kept constant as the die angle was varied. The slot offset q is listed on Figure 3 for the different angles studied. The geometry in Figure 3 is the axisymmetric analogue to that used by KSP. In the work described herein, the effect of die angle on flow properties was explored over a wider range than the slot angle considered in KSP.
The computational domain was cylindrical with a 100mm length and a 30mm radius (see Figure 3 ). Based on previous papers on melt blowing (KSP; MSP) this computational domain size was sufficient to adequately resolve the flow features of the tapered jets. The computational domain was divided into rectangular cells using a sub-mapping grid generation algorithm. Initially, the edges of the domain were given 0.122 mm node point spacings. This relatively coarse grid was then partially refined by cutting the node spacing in half (to 0.061 mm). This refinement was only applied to the cells within the volume where z was less than 30 mm and r was less than 7.5 mm. After refinement, the final grids contained approximately 245,000 cells each. The actual number of cells in each grid varied a small amount due to the varying inlet geometry. KSP and MSP both showed that this level of resolution was sufficient to achieve grid independence.
The inlet boundary condition was set as a uniform velocity inlet with a turbulence intensity of 10 % and a hydraulic diameter of 0.7 mm. Outlets were specified as pressure outlets at an atmospheric pressure of 101325 Pa. Since a pressure specification on an outlet allows for flow into the system through the outlets, turbulence specifications for backflow were set as 10 % intensity and 10 mm hydraulic diameter. All the other boundaries were set as no-slip walls. All boundary temperatures were set to be constant at 300K.
Comparisons were made between our tapered die simulations and the work of others on slot dies and annular dies. The length chosen for normalization of our data was the outer diameter, D o , of the die orifice at the die face. Based on the parameters defined in Figure 3 , D o = 2 (f + b). This Do is comparable to both the outer diameter for an annular die (see Figure 1 ) and the width of the jets and nosepiece (dimension h in KSP) in a slot die. With this normalization the flow properties of the three different die geometries can be compared with a common frame of reference. The values of f and b used in our simulations were fixed at f = 1.01 mm and b = 0.65 mm. These values are of the same order as the nosepiece size and gap size used in the slot die simulations of KSP, as well as the experimental work of Shambaugh (1996, 1997) and Tate and Shambaugh (1998) .
Physical Model
The choice of physical models and parameters are critical to achieving realistic results from any CFD method. In preliminary simulations of our tapered die, it was found that, locally, very high velocities were predicted. This is due to the constriction caused by the die taper. These large local velocities required the use of a compressible flow model. The ideal gas model was chosen, as it is both explicit in density and simple computationally. The pressures -less than 20 kPa gauge -and the temperatures -very near 300K -encountered in our simulations suggested that the ideal gas model would be suitable. Other physical properties, such as viscosity and thermal conductivity, were assumed to be constant at the ambient conditions. The use of the ideal gas model requires the use of the non-isothermal solver. The temperature of the air was allowed to change as the pressure changed. Only small temperature gradients were observed during the simulations; these gradients were deemed to have insignificant effects on the results.
As described previously, the modeling of turbulence is a much more complex matter. have large effects on the computational results. For our work, we did not use the suggested, or default, values for all of the RSM parameters that were proposed by Launder et al.(1975) . The effects of varying turbulence parameters in melt blowing applications were studied in KSP and MSP. The non-default parameter values used by KSP 3 C 1 = 1.44 and C 2 = 2.05, were used for the present work. As also suggested in KSP, all other parameters were set at their default values. Since these parameters provide an accurate model for air flow patterns below slot jets with various die angles, it was surmised that these parameters also can be applied to tapered nozzles with various die angles.
Computational Procedure
Calculations were performed using Fluent ® version 5.5 CFD s o f t w a re from Fluent, Inc. Grids were generated using Gambit software and directly exported into Fluent ® . The grids were then loaded into the Fluent ® software, where boundary, model, and physical property parameters were assigned as previously described. Solution initialization was accomplished using the built-in initialization routine, based on the inlet boundary condition.
Initially, each case was iterated using first-order upwind discretization and the standard κ-ε model with constant air density. After this simpler model showed reasonable convergence -i.e., residuals less than 10 -4 -the settings were changed to second-order upwind, RSM turbulence, and ideal-gas air density. This preliminary iteration procedure served two functions. First, it reduced the total required iteration time; second, it prevented initial divergence of ideal gas compressibility model. Each case was allowed to iterate until the largest residual was no larger than 2x10 -5
. The iterations required for convergence varied from case to case, but 20,000 to 25,000 iterations were typical. Computationally, this work was intensive, but not prohibitively so. A full case generally required 140 MB of RAM and took less than 48 hours to converge on dual 2.2 GHz Intel Xeon ® Processors.
Data Analysis and Results
The simulations presented in this work focus on the values of flow-related variables along the mean spinline, which is also the axis of rotation. Specifically, the simulations allow the examination of the mean axial velocity, the turbulent kinetic energy (TKE, or k), and the turbulent dissipation rate (ε). The mean velocity profiles are important to the melt blowing process because the air drag on the filament is the primary attenuating force. The mean axial velocity is the component of the mean velocity that is directed away from the die face and most responsible for fiber attenuation. The estimation of turbulent kinetic energy is important in understanding the intensity of the turbulent fluctuations in the flow. Turbulent kinetic energy is defined as the kinetic energy of the velocity fluctuations, as shown in Equation 1.
(1)
The turbulent dissipation rate (ε) is important as it can provide the locations within the flow field where the turbulent velocity fluctuations are dissipated. The turbulent dissipation rate (ε) is defined as half the kinematic viscosity multiplied by the mean of the sum of the squares of the fluctuating rate of strain tensor, as shown in Equation 2.
(2)
The effect of die angle on the mean axial velocity profile is shown in Figures 4 and 5 . Shambaugh (1989) , as well as MSP, wherein the flow characteristics and the flow development regions of annular jets are described. Our results also resemble the work of Nasr and Lai for the flow development in parallel plane jets (Nasr and Lai, 1997; Lai and Nasr, 1998) .
Figures 4 and 5 show that, at very short distances from the die face, there is a region of negative mean axial velocity due to flow separation near the blunt die tip. Observe that the size of the flow separation has a strong dependence on the die angle and inlet velocity. The next section of the profiles (beyond an abscissa value of about 1) show a quick rise in velocity, then a smaller increase to the velocity peak, which occurs approximately 8 mm from the die face for all die angles. This rapid, then slower increase in velocity is different from what happens with slot dies, but is similar to the behavior of annular dies. At distances beyond the velocity peak, each profile shows a rapid decay that tapers off to a much lower decay, which is expected since, at large distances from the die, the flow will decay in the same manner as circular turbulent jets (Schlichting, 1979) .
In order to generalize the behavior of the jet flow, it is convenient to nondimensionalize the flow parameters. For our work, the mean outlet velocity V 2 was used for non-dimensionalization of velocities. Because of the tapered geometry of the die, the velocity of the air in the die increases as the air approaches the nozzle discharge. The area available for flow at any position within the nozzle can be described as the total airflow divided by the annular cross-sectional area available for flow. In can be easily shown that the discharge velocity V 2 is related to the inlet velocity V 0 by the relation (3) The relation collapses into the relationship used for the common slot and annular die cases where no constriction occurs (V 0 = V 2 ). Specifically, Equation 3 collapses into the non-dimensionalization used by KSP for slot dies and the non-dimensionalization used by MSP for annular dies. For our work, the axial position Z was non-dimensionalized by dividing by the outer diameter (D o ) of the jet outlet.
Figures 6 and 7 show the use of V 2 for producing nondimensionalized mean axial velocity profiles. With V 2 , comparisons of different die geometries are possible. For the lower 17.3 m/s inlet air velocity (Figure 6 ), the simulations from all die angles fall along the same non-dimensional curve. The simulations for upper air inlet velocity show similar results, but there is a clear pattern of decreasing peak non-dimensional velocity with increasing die angle. For all the dies examined, the peak magnitude and the peak position of the flow reversal increases with die angle. Figure 8 shows a comparison of non-dimensionalized velocity profiles for the 40° and 70° degree slot angles and both inlet air velocities. The coincidence of three of the profiles is fairly good. However, the profile for the 40° slot angle and 34.6 m/s air velocity diverges from the other curves. The peak mean velocity for this case is higher than for any other in this work; the non-linear gas compressibility effects encountered are likely causing the difference. The nominal mean exit velocity V 2 for this case is 186 m/s, which is just over half the ambient speed of sound. velocity profiles for our 60° tapered die and profiles from KSP for a 60° slot die. The difference in mean velocity peak shape is one major difference, and another difference is the magnitude of the flow reversal. The tapered die profiles show a lower overall velocity peak, and the profiles also decay more quickly at increasing distances from the die face. The maximum flow reversal for the tapered die is significantly stronger than reversal for the slot die (examine the abscissa values between 0 and 0.5). Figure 10 shows a comparison of our tapered die simulations with simulations from MSP for a conventional annular die. There is a substantial difference in velocity profiles between the annular and tapered dies. The annular die has a much broader velocity peak and a slower decay. Slightly higher peak velocities are reached with the tapered die, and these velocities decay quickly with substantial decay by Z / D o =15. Flow reversal is present for both the annular die and the tapered dies; however, the tapered dies have peak reversals at lower levels than the conventional annular die.
While mean air velocity is important in die design, turbulence must also be taken into account in designing and selecting melt blowing dies. Figures 11 and 12 show the spinline turbulent kinetic energy (TKE) for the tapered dies. In both figures the TKE is non-dimensionalized by dividing by (V 2 ) 2 , while position is non-dimensionalized (as before) by dividing by D o . The locations of the kinetic energy minimums on the graphs correspond very well with the maximum velocity locations. This behavior is expected, as the generation of turbulent kinetic energy is proportional to the velocity gradient. Another feature to notice is the shift in the minimum value of the first TKE trough when the die angle is increased from 45°t o 50°. From the die face to Z / D o = 4, the TKE for 40° and 45° dies is approximately half that of higher angle dies. This reduction in turbulence could impact the performance characteristics of dies of this type. TKE is proportional to the square of the velocity, so while magnitudes shown in Figures  11 and 12 are similar, the actual TKE quantities are substantially different; this comparison is given in Figure 13 for 40°a nd 70° dies. Comparing the TKE profiles of slot, annular and tapered dies shows significant differences. Figure 14 compares the 60°t apered die with the 60° slot die studied in KSP. It is apparent that the near field TKE is much higher for the slot die. Also note that, while the tapered die shows a strong minimum near Z / D o = 2, the slot die shows only a relatively minor plateau. Figure 15 shows a comparison between the 60° tapered die and the annular die studied in MSP. Here, the tapered die shows much higher near field TKE. Also note that, while the basic two-peak shape is common for both geometries, the THE SLOT DIE DATA ARE FROM KSP annular case has both peaks spread out and shifted away from the die face. Figures 16 and 17 show the turbulent dissipation rate (e) profiles. It is apparent from these figures that, while the profiles in the jet decay region are similar, there are substantial differences in the near-die region. The first troughs in the curves have much lower magnitudes for the 40° and 45° dies than for the others. This difference echoes the differences seen in the TKE profiles in Figures 11 and 12 . Figure 18 compares the 60°t apered die against the 60° slot die from KSP. Mirroring the differences in TKE, the ε profile for the tapered die is much lower. Also similar to the TKE results, the tapered die clearly shows a two-peak profile, while the slot die shows only a single maximum. Comparison with the annular die also shows large differences in ε profiles. Again similar to the TKE results, Figure 19 shows much higher values of ε for the tapered die in the near-field region. Figure 20 shows the mean axial velocity contour plot for the 45° die with an inlet velocity of 34.6 m/s. Note that the peak mean axial velocities are not along the spinline; rather, the highest velocities seen in the flow field are just off the centerline. Now, these flow properties away from the centerline can have a large impact on the fiber formation process. ple, when the die is operated at high air throughputs, a melt blown fiber will have significant vibration in the transverse ( r ) direction. This vibration exposes the fiber to different regions of the jet flow field.
In Figure 20 the spinline mean velocity stays below its maximum for Z = 0 to about Z = 5 mm. This behavior is expected, as some space is needed for the jets to merge. Note that the geometric convergence point of the die taper varies from Z = 1.12 mm to Z = 3.67 mm as q is varied from 40° to 70°. Similar convergence behavior in gas jets is observed in both MSP and Lai and Nasr (1998) . Figure 21 shows contours of turbulent kinetic energy for the 45° die with an inlet velocity of 34.6 m/s. Prior to the jet converging a great deal of turbulence is generated by the flow separation at the nosepiece. However, once the jet is converged, most of the turbulence is generated at the edges of the jet, rather than the center; this phenomenon also was observed in KSP. These multiple regions of turbulence generation cause the peak areas of turbulent kinetic energy to be away from the centerline until the jet is fully developed.
Conclusions
In this work the velocity flow fields below tapered melt blowing dies were studied using computational fluid dynam- ics (CFD). The fields produced by dies with five different die angles were compared. The ideal-gas compressibility model was used due to the high local velocities encountered. It was found that with appropriate non-dimensionalization, the centerline (spinline) velocity profiles were very similar throughout the die angle range studied. The results for a 60° tapered die were compared to previous, experimentally verified results for both a 60° slot die and a conventional annular die. Several differences were noted between the taper die and conventional annular and slot dies. For tapered dies, the centerline mean velocity peak behavior was found to be intermediate between that of the conventional die designs. Tapered dies show the broadened velocity peak also observed in conventional annular dies. This is in contrast to the sharp peak found with slot die designs. It was also found that, with the tapered die, the velocity decayed more quickly in the far field. Besides velocity fields, turbulent behavior of tapered jets was also examined. It was found that, for near-die locations, normalized turbulent kinetic energy was much lower for shallow die angles of 45° and less. As with the velocity fields, the turbulent behavior of the tapered die was intermediate between the previous results for slot and annular dies. For both TKE and ε, the slot die shows the highest values, tapered die profiles are intermediate, with the lowest turbulence quantities determined for the annular die. Turbulence profiles for the tapered dies are quantitatively similar to the annular die profiles and significantly different from slot die profiles.
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